Hemorrhage within the central nervous system (CNS) may be associated with subsequent development of seizure states or paralysis. Prior investigations indicate that hemoglobin, released from extravasated erythrocytes, may be toxic to the CNS by promoting peroxidation of lipids and inhibition of Na,K-ATPase. These deleterious effects are blocked both in vitro and in vivo by the Fe3" chelator, desferrioxamine, indicating the involvement of free iron derived from hemoglobin.
Introduction
Integrity of the blood brain barrier is crucial to the normal functioning of the central nervous system (CNS),' and cerebrospinal hemorrhage often is associated with subsequent development of seizure states (1, 2) and, perhaps, paralysis. The events leading to these sequelae are not fully understood but may involve inflammatory and oxidative reactions (3).
Earlier we reported several kindreds in which there was an association between familial idiopathic epilepsy and hypohap-toglobinemia (4) . In these families, practically all the patients with seizure disorders had hypo-or an-haptoglobinemia, conditions that are very rare in the general population. Several unaffected individuals also had hypohaptoglobinemia. We hypothesized that very low levels of serum haptoglobin might impair the normal process of clearance of free hemoglobin from the CNS andthat free hemoglobin might somehow lead to CNS dysfunction. In partial confirmation, the clearance of radiolabeled hemoglobin from the brains of hypohaptoglobinemic rodents is significantly slower than from the brains of normal animals (4) . This defect in hemoglobin clearance can be corrected by prior complexation of hemoglobin with purified haptoglobin.
If allowed to remain within the CNS, hemoglobin may contribute to posttraumatic damage. Indeed, the intracortical instillation ofboth iron salts (5) and hemoglobin (6) causes the appearance of epileptiform seizures and/or electroencephalographic abnormalities. The damaging effect of ferruginous compounds on the CNS probably involves iron-driven oxidative reactions. In vitro, the addition of purified hemoglobin to homogenates of brain or spinal cord triggers the generation of large amounts of thiobarbituric acid reactive substances (TBARS) (4, 7) . In vivo, the injection of hemoglobin into feline spinal cords causes inhibition of neuronal Na,K-ATPase, probably via oxidative reactions (7) .
In the reactions of hemoglobin with CNS tissue, the proximate damaging species is probably free iron released from hemoglobin. The addition of submicromolar concentrations of the powerful iron chelator, desferrioxamine, will prevent hemoglobin/iron-driven peroxidation oflipids in CNS homogenates (4, 7) . The very low concentrations of desferrioxamine required to block hemoglobin-induced lipid oxidation suggest that only small amounts of iron are released from hemoglobin and somehow cause peroxidation catalytically. We hypothesized that a necessary part of this catalysis would be the repeti- (11) .
Results
The addition of small amounts of purified methemoglobin to murine brain homogenate causes a large increase in the rate of formation of TBARS (Fig. 1) . Added oxyhemoglobin has a similar, but slightly less pronounced, effect (Fig. 1) .
The requirement for hemoglobin-derived iron is indicated by four lines of evidence. First, when heme-free globin is added in equivalent amounts to brain lipid homogenates, little or no lipid peroxidation ensues. Second, the addition of desferrioxamine B (30 gM) completely blocks hemoglobin-driven brain lipid peroxidation (Fig. 1) . Third, as discussed below, the ad- (Fig. 2) . However, regardless of whether Fe2`o r Fe3+ is added, the ferric iron chelator desferrioxamine almost totally prevents the irondriven formation of TBARS (Fig. 2) (14) . To test the hypothesis that endogenous santly enhanced TBARS formahe heltor, dsferioamie B brain ascorbate is crucial in the above reactions, we added ependent TBARS production (P ascorbate oxidase (1 U/ml) to brain homogenate in the presailed).
ence of either ferric chloride or methemoglobin. As shown in Table II , prior incubation of brain homogenate with ascorbate oxidase completely blocks methemoglobin/iron-mediated ig. 2). Interestingly, ferene also lipid peroxidation. d lipid peroxidation (Fig. 1) .
The ascorbic acid content of variously treated fractions of Lte Fe2+, this observation mndi-murine brain homogenate reflects their ability to undergo lmethemoglobin must be con-iron-driven peroxidation and supports the conclusion that enthe CNS. dogenous ascorbate is the most important participant in led direct support for the re-TRARS formation in the presence of added ferruginous com-:he CNS. When supernatants of pounds. Untreated murine brain homogenate contains almost incubated with added Fe3+ and 0.5 mg of ascorbate/g wet wt, and both untreated and boiled to Fe2+ as reflected by accumusupernatants derived from such homogenates have similar Me (Fig. 3) . This clearly demon-concentrations of ascorbate. However, washed membranes oFe2+ by factors within brain have little ascorbate associated with them (a~0.02 mg/g wet wt). This is in accord with our finding that such washed mem-;suggest that one or more un-branes no longer exhibit iron-driven lipid peroxidation, hiomogenate are responsible for whereas both untreated and boiled homogenate supernatants (Table III) .
Discussion
After traumatic or spontaneous hemorrhage, free hemoglobin may promote tissue injury. A most important instance of such hemoglobin-enhanced damage may be that which attends hemorrhage within the CNS. Removal from the CNS of free hemoglobin released by these extravascular red cells may present special difficulties. An additional circumstance that makes free hemoglobin particularly hazardous to the CNS is the presence of large amounts of readily oxidizable polyunsaturated fatty acids. The conjugation of free hemoglobin/iron I Differ from *, P < 0.01 (t test, two-tailed).
and polyunsaturated fatty acids within the brain or spinal column after hemorrhage may contribute to CNS damage and dysfunction arising after injury. Hemoglobin-derived iron appears to be the proximate cause of peroxidative damage to CNS lipid and oxidant-sensitive enzymes such as NaK-ATPase (4, 7) . The importance of iron compounds in the pathogenesis of CNS damage has been of interest to a number of investigators (e.g., 5, 6). Purified hemoglobin per se will mediate hydroxyl radical generation and participate in the peroxidation of fatty acids such as arachidonate (15). However, it appears that the most potent oxidative effects of free hemoglobin are due to small amounts of iron released during interactions of hemoglobin with lipids (4, 16) . Free hemoglobin, injected into the spinal cords ofanesthetized cats, causes substantial inhibition of neuronal Na,KATPase at the site of injection. The importance of free iron is indicated by the prevention of this damage by the simultaneous injection of desferrioxamine (7) .
One puzzling aspect of these earlier observations was that very small amounts of hemoglobin-derived iron seem to act catalytically in promoting CNS lipid peroxidation. The nature of the reactions in which the iron was presumably cycling from the ferric to ferrous state was unknown. In the present investigations, we adduce evidence that endogenous CNS ascorbic acid, a reducing agent present in large amounts in nervous tissue, is a necessary partner in hemoglobin/iron-mediated oxidative damage to nervous tissue. This conclusion is supported by several lines of evidence. Removal of all water-soluble substances from brain homogenates causes the disappearance of iron-mediated lipid peroxidation, while the addition of membrane-free supernatants prepared from crude homogenates restores hemoglobin/iron-driven oxidation. The principle within these supernatants that sustains the peroxidative effects of iron is heat stable and survives boiling for at least 5 min. However, this same principle is destroyed by the addition of ascorbate oxidase, indicating ascorbate as the major reducing substance involved. Indeed, the addition of concentrations of ascorbic acid equal to those normally occurring in crude brain homogenates restores the iron-driven peroxidation of washed neuronal membranes.
The precise reactions that ensue between hemoglobin iron, ascorbate, and unsaturated fatty acids are not yet fully elucidated. It is, however, clear that ascorbate is necessary for the reduction of Fe3" to Fe2". The latter, alone or in conjunction with Fe3+ (17, 18) , reacts readily with polyunsaturated fatty acids. This reaction of hemoglobin/iron with CNS fatty acids evidently requires repetitive redox cycling of the iron; either the Fe3" iron chelator, desferrioxamine, or the Fe2" iron chelator, ferene, will prevent hemoglobin/iron-driven CNS lipid peroxidation. In fact, after addition of Fe3+ to the supernatant of murine brain homogenates, substantial amounts of Fe2à ppear, as measured by formation of the ferene/Fe2" chelate.
This observation unequivocally demonstrates that the brain contains substances, presumably ascorbate, effective in the reduction of Fe3" to Fe2`. Fe2" may be the more important form in the peroxidation of brain lipid as judged by its greater efficacy in mediating TBARS formation and its higher activity in the homolytic decomposition of lipid hydroperoxides (19) . However, as shown schematically in Fig. 4 (17, 18, 20) , the simultaneous presence of both forms of iron in achieving optimal rates of iron-driven peroxidation.
The pro-oxidant effects of exogenous ascorbic acid on various tissues have been reported by several groups (21, 22) . Indeed, Sharma and Krishna Murti (23, 24) showed that endogenous ascorbate had a pro-oxidant effect on rat brain that was probably, in light of present results, mediated by endogenous CNS iron. Stimulation of lipid peroxidation by a combination of iron and low concentrations of ascorbate has been reported by others (20) . Indeed, ascorbate added to brain homogenates (25) and synaptosomes (10) will accelerate Fe3+-dependent lipid peroxidation.
These earlier results, as well as those arising from our investigations, suggest a mechanism for hemoglobin/iron-mediated posthemorrhagic CNS damage involving the active participation of endogenous ascorbic acid as a reducing factor. That is, free methemoglobin derived from extravasated and lysed red cells spontaneously releases heme; the free heme subsequently degrades, releasing free Fe3" (16) . Ascorbic acid reduces Fe3" to Fe2", forming dehydroascorbate, which can be reduced to ascorbate by other reducing substances in the brain. Our experimental results indicate that this redox cycling of iron is associated with extensive peroxidation of brain lipids. In addition, ascorbate is an antioxidant (26) and is important in preventing the spontaneous oxidation of neurotransmitters such as catecholamines. Therefore, the redox cycling of hemoglobin/iron may not only facilitate the peroxidation of CNS lipids but also deplete an antioxidant necessary for storage of neurotransmitters.
Tissue damage mediated by free hemoglobin/iron is probably important in a variety of clinical circumstances. Foremost among these may be posttraumatic hemorrhage affecting the CNS. Hemorrhagic damage to the CNS is often associated with the development of functional disorders such as seizure states and paralysis. Our earlier observations suggest that impaired clearance of free hemoglobin from the CNS (secondary to hypohaptoglobinemia) may be an etiologic factor in the genesis of certain forms of familial and posttraumatic epilepsy (4) . Indeed, both in vitro and in vivo, hemoglobin/iron will cause substantial lipid oxidation and oxidant inhibition of enzymes important to neuronal function such as Na,K-ATPase (4, 7) . In the present studies, we have defined the final element necessary for hemoglobin/iron-mediated damage to the CNS. Ascorbic acid, a reducing substance present in particularly large amounts in mammalian nervous tissue, is required for the redox cycling of iron and the associated peroxidation of brain lipid. It is paradoxical that ascorbic acid functions ordinarily to maintain oxidizable components of the brain in a reduced state. However, both CNS injury and even neuronal activity may cause release of ascorbate, whereupon this substance, rather than protecting against oxidation, may play a pivotal role in metal-catalyzed oxidative destruction of the CNS.
